The spatial segregation of the plasma membrane plays a prominent role in distinguishing and sorting a large number of signals a cell receives simultaneously. The plasma membrane comprises regions known as lipid rafts, which serve as signal-transduction hubs and platforms for sorting membrane-associated proteins. Ca 2+ -binding proteins of the annexin family have been ascribed a role in the regulation of raft dynamics. Glycosylphosphatidylinositol-anchored 5 -nucleotidase is an extracellular, raft-associated enzyme responsible for conversion of extracellular ATP into adenosine. Our results point to a regulation of ecto-5 -nucleotidase activity by Ca 2+ -dependent, annexin-mediated stabilization of membrane rafts.
The plasma membrane of eukaryotic cells contains regions known as lipid rafts, which are rich in cholesterol and sphingomyelin [1, 2] . Small and highly dynamic, lipid rafts are more ordered and more highly packed than the surrounding bulk of the membrane and can be regarded as planar platforms surrounded by the more fluid lipid bilayer [2, 3] . Caveolae, the omega-shaped invaginations present in the membrane of many cells, which are particularly numerous in both vascular smooth-muscle and endothelial cells, represent a specific form of rafts stabilized by caveolin [4] . An important role for rafts and caveolae has been reported for a wide range of cellular processes, including insulin signalling [5] , tumour suppression [6] , immunological responses [7] and endocytosis [8] . Recently, we have proposed that dynamic, Ca 2+ -regulated cholesterol/sphingomyelin-rich domains might form upon the binding of the annexins to the cytoplasmic leaflet of smooth-muscle sarcolemma [9, 10] .
Rafts are believed to span both leaflets of the plasma membrane bilayer; thus the formation of the annexin-dependent rafts upon an increase in the intracellular Ca 2+ concentration [10] suggests the exciting possibility of a novel mode of 'inside-out' signalling, which allows information about the actual intracellular [Ca 2+ ] to be transmitted to the surrounding extracellular environment. while its proteinaceous component exclusively faces the extracellular space [11] . Therefore neither part of the enzyme is in direct contact with the cytoplasm and is thus unlikely to directly sense the changes in the intracellular Ca 2+ levels, or to directly interact with intracellular annexins. This spatial arrangement makes the 5 -nucleotidase an ideal instrument for testing our hypothesis of 'inside-out' signalling via Ca 2+ -dependent raft association.
-
In order to confirm that exclusively extracellular 5 -nucleotidase (ecto-5 -nucleotidase) is sensitive to changes in intracellular Ca 2+ levels, we investigated the effects of a decrease in the cytoplasmic [Ca 2+ ] on 5 -nucleotidase activity. 5 -Nucleotidase activity was assayed in the monolayer of cultured smooth-muscle cells in sodium Tyrode's solution containing 2 mM CaCl 2 ( Figure 1 , control, Ca 2+ ). Removal of Ca 2+ from the reaction mixture by a Ca 2+ -chelating agent (EGTA) results in the inhibition of 5 -nucleotidase activity (Figure 1, control, EGTA) . To highlight the role of the intracellular Ca 2+ pool in 5 -nucleotidase inhibition, the extracellular [Ca 2+ ] was maintained at 2 mM (as in control); however, its intracellular concentration was reduced by blocking Ca 2+ entry into the cell with a Ca 2+ antagonist (lanthanum). As shown in Figure 1 (control, Ca 2+ /La 3+ ), lanthanum inhibited 5 -nucleotidase activity to the same extent as EGTA. This suggests that 5 -nucleotidase activity is inhibited via a decrease in intracellular but not extracellular [Ca 2+ ] [in the concentration range used in this experiment, La 3+ has no effects on the 5 -nucleotidase activity in a cell-free assay (smooth-muscle microsomes, results not shown)].
-Nucleotidase activity depends on the stability of the membrane rafts
Assuming that membrane rafts regulate 5 -nucleotidase activity, the effects of raft destabilization were investigated. Stabilized by cholesterol, lipid rafts are resistant to solubilization by non-ionic detergents and can therefore be isolated as detergent-insoluble cholesterol/sphingomyelinrich membrane domains. MCD (methyl-β-cyclodextrin) preferentially solubilizes cholesterol, leaving other major lipid constituents of the plasma membrane unaffected [12] . Extraction of cholesterol leads to raft destabilization; as a result, sphingomyelin as well as raft-associated proteins lose their resistance to non-ionic detergents and show an extraction pattern similar to that of non-raft glycerophospholipids [12] .
As shown in Figure 1 , extraction of cholesterol and consequently raft destabilization lead to inhibition of 5 -nucleotidase activity, suggesting that the integrity of rafts is important for the optimal functioning of the enzyme. The inhibition is only detected for the Ca 2+ -sensitive component of 5 -nucleotidase activity but not for its 'basal' activity, observed at low intracellular Ca 2+ . This result suggests the existence of a link between Ca 2+ -homoeostasis, raft dynamics and 5 -nucleotidase activity.
Annexin 2 promotes Ca 2+ -dependent segregation of membrane lipids
In order to establish if a Ca 2+ -dependent association of the annexins with the plasma membrane leads to raft formation, we simultaneously monitored Triton X-100 extraction profiles of cholesterol and PE (phosphatidylethanolamine) as a function of [Ca 2+ ] free and compared them with the Ca 2+ -dependency of annexin 2 binding to the plasma membrane [9] . Similar to annexin 2's binding, the extraction profile of individual lipids is also Ca 2+ -dependent: at micromolar [Ca 2+ ] free , cholesterol is extracted less efficiently than PE, leading to an increased cholesterol/PE ratio (characteristic for a raft microenvironment) in the resulting detergentinsoluble pellets. That the Ca 2+ -sensitivity of changes in the cholesterol/PE ratio follows that of annexin 2 binding to the plasma membrane strongly argues for a role of annexin 2 in the selective stabilization of cholesterol-rich raft domains.
Role of raft-and annexin-dependent signalling in the regulation of 5 -nucleotidase activity in smooth muscle
We advocate an intracellular (cytoplasm) signalling cascade ( Figure 2 ) that links the extracellular (extracellular space) contractile agonist, ATP and extracellular 5 -nucleotidase, an enzyme responsible for ATP degradation and production of the contractile antagonist, adenosine (A). Information about the extracellular ATP concentration (Figure 2a) is intracellularly processed and integrated with the activity of other stimuli (agonist) via an elevation in the cytoplasmic Ca 2+ levels (Figure 2b ). The rise in cytoplasmic Ca 2+ levels results in smooth-muscle contraction and leads to the formation of Ca 2+ -annexin complexes. Translocation of the annexins to the plasma membrane (Figure 2c ) induces a Ca 2+ -annexin-dependent modulation of raft dynamics (association of the annexin-dependent rafts) and raft-dependent activation of 5 -nucleotidase activity (Figure 2d ). Smooth muscle relaxes (relaxation) as a result of activation of adenosine receptors due to an increased production of adenosine. Annexindependent rafts dissociate, thereby inhibiting 5 -nucleotidase activity.
The proposed signalling cascade creates a feedback loop between the initial signal (ATP) and the cellular mechanism that counters this initial signal (ATP degradation and adenosine production by 5 -nucleotidase), thus providing the cell with means of fine-tuning its physiological responses. It is highly likely that this cellular feedback mechanism is not exclusively restricted to extracellular nucleotide signalling, but allows the cell an integrated response to numerous other stimuli reaching the cell from the outside and signalling cascades active within the cell at the same time.
